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LEAFMOD: A New Within-Leaf Radiative

Transfer Model

Barry D. Ganapol,*' Lee F. Johnson," Philip D. Hammer,'
Christine A. Hlavka,! and David L. Peterson'

We describe the construction and verification of a
within-leaf radiative transfer model called LEAFMOD
(Leaf Experimental Absorptivity Feasibility MODel). In
the model, the one-dimensional radiative transfer equa-
tion in a slab of leaf material with homogeneous optical
properties is solved. When run in the forward mode,
LEAFMOD generates an estimate of leaf reflectance and
transmittance given the leaf thickness and optical charac-
teristics of the leaf material (i.e., the absorption and scat-
tering coefficients). In the inverse mode, LEAFMOD
computes the total within-leaf absorption and scattering
coefficient profiles from measured reflectance, transmit-
tance, and leaf thickness. Inversions with simulated data
demonstrate that the model appropriately decouples scat-
tering and absorption within the leaf, producing fresh
leaf absorption profiles with peaks at locations corre-
sponding to the major absorption features for water and
chlorophyll. Experiments with empirical input data dem-
onstrate that the amplitude of the fresh leaf absorption
coefficient profile in the visible wavebands is correlated
with pigment concentrations as determined by wet chem-
ical analyses, and that absorption features in the near-
infrared wavebands related to various other biochemical
constituents can be identified in a dry-leaf absorption
profile. ©Elsevier Science Inc., 1998
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INTRODUCTION

It is well known that, within plant communities, the leaf
is the primary energy harvesting element promoting de-
velopmental regulation and adaptive control. The light
intercepted and absorbed by the leaf interior, collectively
referred to at the canopy level as the fraction of photo-
synthetically active radiation (FPAR), provides the en-
ergy necessary to drive carbon fixation. Previous studies
have shown a relationship between canopy near-infrared
and red reflectance with FPAR {Asrar et al., 1984; Sell-
ers, 1985). Recently, several ecosystem production mod-
els have used remotely sensed data as input for FPAR
estimation (Potter et al., 1993; Running and Hunt, 1993;
Ruimy et al., 1994; Prince and Goward, 1995).

A portion of the carbon in the litterfall subsequently
undergoes decomposition and accompanying nutrient
turnover, contributing to the carbon cycle and to gas ex-
change with the atmosphere. In part, the turnover rates
are determined by the foliar biochemical composition.
Thus, our ability to predict the dynamics of biogeochem-
ical processes that regulate the ecosystem response to
environmental stress would be enhanced if the content
of the significant biochemical agents within an ecosystem
could be remotely estimated by aircraft or satellite sen-
sors. Toward this end, various empn‘lcal studies have in-
vestigated the possibility of using airborne imaging spec-
trometry for biochemical estimation of forest canopies
(Peterson et al., 1988; Wessman et al., 1988; Johnson et
al., 1994).

Remote estimations of FPAR and biochemistry, how-
ever, are sensitive to such factors as sensor calibration, so-
lar irradiance, atmospheric effects, and soil brightness
(Goward et al.. 1991: Baret and Guyot, 1991). In the
case of canopy chemistry, additional uncertainties arise
from errors in laboratory measurements of foliar chemis-
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try, small sample sizes, and sensor signal-to-noise limita-
tions. To address these complicating factors and to sup-
port the use of remote sensing in ecological investigations,
there is a continuing need for increased understanding
of the fundamental leaf- and canopy-level radiative trans-
fer phenomena.

In this article, we describe a new leaf-level radiative
transfer model (LEAFMOD), based on true photon scat-
tering. We begin by introducing the full 3-D radiative
transfer equation as an appropriate mathematical model
to characterize photon interactions with leal structure
and the leaf biochemicals followed by a brief discussion
of previous leaf radiative transfer models. Next, the
LEAFMOD description, implementation, and a compari-
son to a two-stream formulation are given. Then model
inversion for extraction of leaf absorption and scattering
profiles is considered, with numerical verification and ex-
perimental confirmation based on simulated and empiri-
cal input data. We end with suggestions for future
model development.

Previous Leaf Radiative Transfer Models

The approaches taken by previous leaf radiative transfer
modelers fall into two categories: deterministic and prob-
abilistic. In the deterministic models, several fundamen-
tal assumptions are required to describe how photons in-
teract with the leaf internal structure and biochemical
content. The leaf is assumed to be composed of a contin-
uum of spherical scattering and absorbing centers, each
of infinitesimal size, uniformly distributed within a differ-
ential leaf volume. The fate of a photon, treated as a
“particle fluid,” is determined by the relative probabili-
ties of the scattering and absorption interactions oc-
curring within this volume. In addition, the photons
move along straight paths between scattering interac-
tions—a phenomenon called photon streaming. The fol-
lowing radiative transfer equation (Chandrasekhar, 1950)
describes the energy transfer:

OV Q+31r Q=3[ dOpQ QIrQ). (1)

This equation is a photon energy balance at a position r
in the interior of the leaf. The first term on the left rep-
resents the net energy loss from photons moving away
from position r in a direction  balanced by the energy
loss through absorption and scattering out of direction {2
(second term on the left) and the energy scattered into
this direction (term on right). I is the radiance (energy/
m® s st) at r of photons traveling in direction {2 within
the cone of angles d€) (steradians). The scattering phase
function p specifies the relative probability of the deflec-
tion of a photon from direction ' to the cone of direc-
tions dQ (about Q). 2 is the total interaction coefficient
composed of absorption and scattering coefficients 2,
and 2, and, since scattering and absorption are indepen-
dent events,
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Figure 1. One-dimensional, plane-parallel leaf geometry as
assumed by LEAFMOD. g, is the impinging source direction,
d is the leaf thickness, and z the longitudinal coordinate
measured from the top surface. )

2=2,+3, (2)

In early deterministic models, only two photon direc-
tions ), away and toward the leaf adaxial (top) surface,
were used to characterize the radiative transfer. In this ap-
proximation, the so called two-stream or Kubelka-Munk
(KM) theory, plane-parallel leaf geometry, as shown in
Figure 1, was also assumed. In essence, the radiative
transfer equation is transformed into a diffusion equation
that was first reported in 1905 and subsequently modi-
fied (Kubelka and Munk, 1931; Meador and Weaver,
1979). The solution to the resulting differential equations
can be inverted to vield the interaction coefficients X,
and %, (Fukshansky, 1992). KM theory tacitly assumes
that the radiance is nearly isotropic and that the volume
absorption is relatively weak in comparison to the scat-
tering. For this reason, while the simplicity of diffusion
theory is rather appealing, errors in the radiance can re-
sult at the leaf surfaces, within optically thin media and
in regions of high absorption (e.g., in the visible wave-
bands) (Clark and Roush, 1984).

A significant difficulty of KM theory (or for that mat-
ter any radiative transfer formulation) applied to the leaf
is the specification of the law of photon deflection (the
scattering phase function). To overcome this shortcom-
ing, the plate model (Allen et al., 1970), closely related
to the KM model, was developed. In this model, the leaf
is assumed to be composed of one or a series of transpar-
ent plates with rough Lambertian reflecting surfaces
(Jacquemoud and Baret, 1990). Rough surfaces are spec-
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ified in order to comply with the assumption of a nearly
isotropic radiance in the microlight environment be-
tween plates. Using a well-known formulation originated
by Stokes (1862), the aggregated reflectance and trans-
mittance of the series of plates can be obtained in closed
form in terms of the exitances of a single plate. The plate
interaction coefficients can then be calibrated to experi-
mental reflectance and transmittance measurements. The
most advanced and successful plate model to date is the
PROSPECT model (Jacquemoud and Baret, 1990), in
which a structural index N is defined to account for the
various plate/air space configurations required to de-
scribe the anatomical leaf structure.

The above modeling approaches are to be contrasted
with the more complicated but realistic ray tracing meth-
ods (Govaerts et al., 1996). These methods are particle
simulations that, in the limit of an infinite number of
particle trajectories, provide an alternative solution to
Eq. (1). Ray tracing models are probably the most realis-
tic but at the same time the most computationally inten-
sive and difficult to numerically implement. In this for-
mulation, photon trajectories (or rays) are followed within
a leaf composed of stochastically distributed interacting
centers. The photons interact according to the probabil-
ities for scattering and absorption defined along their tra-
jectories. Reflectance and transmittance estimates are
obtained after enough trajectories have been followed to
reduce uncertainties to a reasonable level, The difficult-
ies in this approach are in generating realistic leaf real-
izations and inverting for the scattering and absorption
coefficients characterizing the biochemical components.

Model Overview

Our overall modeling approach has been to develop a
simple model based on the radiative transfer equation as
given by the one-dimensional form of Eq. (1) that can
be numerically verified and experimentally confirmed.
First, we assume a one-dimensional leaf as shown in Fig-
ure 1 extending to infinity in the transverse directions.
Next, we consider the scattering process producing pho-
ton deflection along a trajectory. Scattering is invariably
central to any radiative transfer model as well as the
mostdifficult property to characterize properly as evi-
denced by the earlier model development. Photon de-
flection into all directions originates primarily from index
of refraction discontinuities at cell walls and from diffuse
reflection within the microfibril cell wall structure itself
(Kerker, 1969; Sinclair et al., 1973). If a nearly random
orientation of cell walls is assumed on average, then iso-
tropic scattering (uniform in all directions) is a reason-
able approximation. In this way, a consistent particle
transport theory treatment of scattering can be con-
structed without introducing undue complexity and in-
consistent ad hoc scattering assumptions. In addition, a
homogeneous mixture of (absorbing) biochemicals in the
leaf interior will be assumed, with an abaxial (bottom)

diffusely reflecting boundary. Leaf surface interactions
(other than simple specular reflection) and polarization
will not be considered. Our initial investigation will focus
on the determination of the scattering and absorption co-
efficients of a leaf based on laboratory measurements
and subsequent model inversions.

LEAFMOD DESCRIPTION

The 1-D Radiative Transfer Equation
The following 1-D radiative transfer equation with longi-
tudinal (z) dependence can be derived by azimuthal inte-
gration of Eq. (1):
8 ! ? 1 !

[ﬂ;*’ﬁ}l(:,ﬂ):EsLdﬂ S wlap), @)
where I is the radiance for photons traveling in the di-
rection (inclination) range du in the differential volume
dx of unit transverse area. The phase function in this for-
mulation has been designated by

Sl )
[which is the azimuthal average of the general phase
function found in Eq. (1)], where ' is the photon direc-
tion [’ =cos(f') with €' relative to the spatial coordinate
z measured from the adaxial surface] before collision and
4 is the direction after collision. The phase function is
normalized such that

1= e flu’ ). )

To conform to standard practice and to present a more
mathematically convenient form of Eq. (4), the substi-
tution

=3z

is introduced, where 7 is the optical pathlength measured
from the adaxial leaf surface, resulting in

[ﬂj; 1}1@#):%['_1(1#' L), (6a)
The single scatter albedo « has been defined as
w=3/3. (6b)
and the phase function for isotropic scattering,
flu' =172, (6c)

has been assumed. Equations (6) therefore characterize
the azimuthally averaged photon energy transfer within
a leaf. We further assume a beam source of strength S,
illuminates the entire adaxial surface in the direction w,;
therefore, the appropriate adaxial boundary condition for
an azimuthally averaged model is

I(0,0)=840( 1t — 1) (6d)

for £>0. An approximate treatment of surface specular
reflection resulting from surface roughness is included by
reducing the incident source strength by a factor of



L—r,, where r,, is the specular reflectance of the adaxial
surface. If a Lambertian reflecting surface is adjacent to
the abaxial surface, then the returned radiance from the
abaxial surface to the leaf interior is

HA~)=2r[ du’ LA L) (6e)

for 4>0, where A is the leaf optical thickness defined as
3Sd, for an actual leaf thickness d. The Lambertian sur-
face is characterized by a reflectance r,. Note that Egs.
(6) account directly for the incident radiation and its
conversion to diffuse radiation. This is in contrast to the
equivalent formulation of the transport equation includ-
ing a first collided diffuse volume source as is often seen
in the literature. For our purposes, the primary quanti-
ties of interest are the leaf hemispherical reflectance (Ry)
and transmittance (7))

Bf—;J du' p'10,~p"), (Ta)

1
Tj=—| du’ w'IA "), (7b)
o™

In the above radiative transfer formulation, the vari-
ation of the radiance is identical at each optical depth ¢
in the transverse directions (x and y spatial coordinates),
but photon deflection to another path along any trajec-
tory through the leaf is admissible. The details of the so-
lution to Egs. (6) are outlined in the Appendix with a
brief summary given in the following section.

The FN Algorithm

The solution to Eq. (6a) has been the subject of exten-
sive research since the 1950s when Chandrasekhar
(1950) popularized the radiative transfer equation for the
observation of stellar atmospheres. In general, there is
no simple analytical solution. Consequently, many nu-
merical algorithins can be found in the literature (see
Ganapol, 1995a,b). As shown in the Appendix, Eq. (6a)
can be recast as two (singular) integral equations for the
emergent radiances. A convenient numerical solution to
these equations, as proposed by Siewert et al. (1986) in
his FN algorithm, is the following expansion of the exit-
ing radiances in a set of basis functions y,(¢) (chosen as
the shifted Legendre polynomials in LEAFMOD):

—auy @ E a1, (8a)

-‘a 0

I{0,—u)=Fr(ule

N—1
2+ LS by ), (8b)

a=()

IA.p)=F(u)e”

where Fy and F, are the known impinging (source) radi-
ances at the top and bottom leaf surfaces. a, and b, are
coupling coefficients to be determined. The appropriate
FN order N is determined by iteration when two solu-
tions at consecutive orders are within a desired relative
error usually taken to be 107% The leading terms in Eqs.
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(8) represent the unscattered contributions coming di-
rectly from the surfaces. The major numerical advantage
of this approach is that spatial discretization in optical
depth 7 is completely avoided, thus reducing the numeri-
cal error. Only a quadrature is required to evaluate the
matrix elements in our FN formulation. The analytical
treatment of the exitances and the subsequent reduction
of numerical error makes the FN method a fast and ac-
curate way of solving the radiative transfer equation. Be-
cause inversion is required to determine the interaction
coefficients, fast execution of a solution algorithm is an
essential requirement of an efficient inversion scheme.

Comparison of Transport and KM Theories

A comparison of the reflectances and transmittances
given by Eqs. (7) obtained from transport theory and
KM theories is shown in Figure 2. A normally incident
beam is assumed to impinge on homogeneous isotropi-
cally scattering media of three thicknesses [measured as
an optical thickness (A)] and the response as a function
of the single-scatter albedo w is observed. Since the sin-
gle-scatter albedo is a ratio of the probability of scatter-
ing to the total interaction probability (absorption plus
scattering) for a photon interaction, ©®=%/2, w is a mea-
sure of the diffuse scattering nature of the medium. As
the medium becomes more highly scattering (single scat-
ter albedo approaches 1), Figures 2a,b show that the re-
flectance and transmittance of KM theory approaches
the exitances of transport theory. Clearly, KM theory is
in error for highly absorbing media for which the single
scatter albedo is less than about 0.7, especially for
thicker media, which is also supported by previous inves-
tigations (Clark and Roush, 1984). The primary reason
for the large discrepancy is that the radiance distribution
assumed by KM theory admits only a linear variation in
the photon direction. This is a poor approximation in a
highly absorbing medium since the scattering is insuffi-
cient to redistribute monodirectional photons from the
source uniformly to all directions. For the thin medium,
both the reflectance and transmittance (as displayed in
Figs. 2a,b) are remarkably accurate, most likely a result
of the reduced amount of total absorption for this case.
A comparison of the exiting radiance distributions from
transport theory and KM theory is shown in Figures 2c¢,d
for a highly scattering medium of ®=0.95 and an optical
thickness of 10. The linear approximation of KM theory
is readily apparent for the reflected radiance in compari-
son to its true variation. The transmitted radiance is
nearly linear as predicted by KM theory but of a differ-
ent slope from that obtained by transport theory.

INVERSION PROCEDURES

Exact Inversion
With an approximate solution to the radiative transfer
equation now in place, we can turn our attention to the
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Figure 2. ab) Variation of the relative error [I[y—Ixul/I;n] with the leaf albedo (w) for reflectances and transmittances as ob-
tained from transport (FN) and KM theories for optical thicknesses A=0.1, 1, 10. Relatively large discrepancies occur for highly
absorbing (©<0.7) and optically thick (A=10) media. ¢,d) Exiting radiance distributions for an optically thick (A=10), highly
scattering medium (0=0.93), as obtained from transport (FN) and KM theories. The linear approximation of KM is apparent in
the reflectance, whereas KM theory more closely approximates the transmittance of transport theory.

determination of leaf total absorptivity profile as repre-
sented by the absorption coefficient 2, in the transport
equation. To obtain the leaf absorption coefficient, an esti-
mate of the scattering coefficient 2, is required. As noted
from the previous discussion, these physical parameters
are intimately intertwined in the exitances as represented
by Eqgs. (7). Here, we take an approach in which the
transport solution is viewed as having two unknown coef-
ficients, 3, and 3, at each wavelength. Therefore, if we

have two leaf experimental measurements, say of the re-
flectance [R/(exp)] and transmittance [T {exp)] at a speci-
fied number of wavelengths A, then, at each wavelength,
we can require the model to faithfully reproduce these
measurements as follows:

Rilexp)=R/(Z,.%,), (10a)

Tf(exp)=Tf(2,,,2\). (IOb)



Table 1. Input Parameters Required for LEAFMOD
Exact Inversion

Parameter Definition

o Specular reflectance of top surface

r, Reflectance of adjacent bottom surface

d Average leaf thickness

Ry Reflectance measurement at 7

T Transmittance measurement at 4

en Desired relative error

A Desired wavelengths
L Maximum number of desired wavelengths

A measured leaf thickness d; is also required. Ry(2,.%,)
and T{Z,.3,) are determined from the calculated radi-
ances and are given by Egs. (7). Table 1 shows the other
necessary input parameters required for the model inver-
sion. Note that for a given leaf thickness there are two
equations for the two unknown interaction coefficients
(2, and %) and the system is, in principle, completely
determined. Equations (10) therefore constitute an “ex-
act inversion” because the number of unknowns is the
same as the number of equations. Interaction coeffi-
cients, however, enter into the FN solution in a highly
nonlinear fashion through the leaf optical depth and the
single scatter albedo. For this reason, there are some ad-
ditional considerations. A solution to a set of highly non-
linear equations is required and, consequently, the ques-
tion of existence and uniqueness of the solution should
be addressed. In general, there is no guarantee that
these equations haw just one solution or, for that matter,
have any solutions at all. From our experience, however,
either no solution exists because of unphysical constraints
or only one solution exists.

A globally convergent multiple root solver is used to
solve Eqs. (10) for the interaction coefficients. A global
method is an iterative root searching procedure featuring
convergence to a set of roots regardless of the initial
guess. The Newton—Raphson iterative global scheme, as
found in Press et al. (1992), was adapted for the inver-
sion. The method is based on the multivariate Newton—

Raphson equation solver with an estimate to a set of

roots obtained from a gradient chosen to ensure a path
in the parameter space directed toward a global mini-
mum. A gradient of the solution with respect to the de-
sired parameters (2, and X,) is obtained from an efficient
finite difference approximation. Failure of the Newton-
Raphson equation solver is possible when a local mini-
mum is reached. An error caution is indicated if such a
minimum is encountered.

Approximate Inversion

The inversion procedure described above is completely
determined when both exitance measurements are avail-
able. However, the procedure becomes problematic when
either R; or T are unavailable. Such is the case with the
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NIRS Systems Model 6500 spectrophotometer (NIRS
Systems Inc., Silver Spring, Maryland) as configured at
NASA/Ames Research Center, which measures R; only;
this is generally the case in the remote sensing context as
well. In order to perform initial experiments to exercise
LEAFMOD, an “approximate inversion” was con-
structed. To establish the inversion procedure, additional
information must be supplied to offset the loss of one
measurement. Thus, a modeling conjecture to account
for the missing information of the reflectance measure-
ment was imposed. Since scattering is pn’marily con-
trolled by the variation of index of refraction at cell wall/
air or water interfaces and cell wall scattering, the ana-
tomical cellular structure of leaves is relatively similar.
Considering this similarity, to a first approximation, the
scattering coefficient for a given species applies to an-
other leaf of the same or a morphologically similar spe-
cies after an adjustment for the difference in the density
of interfacial scattering centers. While this conjecture is
not entirely justifiable (and therefore we attempt no
proof), it does allow for the initiation of modeling testing
and, therefore, was made primarily in the interest of ad-
vancing the modeling effort. Thus, if %, is known from
measurements performed on species 1 of known cell wall
density Ny, the appropriate approximation for the scatter-
ing coefficient for species 2 of cell-wall density N, will be

AT:) .
E.sizle[ﬁ}- (11)

In this study, neither N, nor N, were known and there-
fore they were assumed equal for the morphologically
similar cases investigated. It should be noted that the ra-
tio %,,/2; plays a similar role to the parameter N of pre-
vious leaf models (see Allen et al., 1969).

In effect, the above conjecture allows the separation
of the scattering and absorption processes. Scattering is
assumed to be a consequence of the leaf anatomical
structure as influenced by the cell walls, whereas absorp-
tion takes place through the specific biochemicals and
water distributed within a cell. With a predetermined
scattering coefficient for species 2, only Eq. (10a) need
be solved to provide an estimate of the absorption coef-
ficient 2.

NUMERICAL VERIFICATION

The exact and approximate inversions incorporating the
(forward) FN solution have been coded in a FORTRAN
77 program called LEAFMOD. As with any algorithin,
algorithmic development does not stop with the writing
of code. A necessary step in the code development pro-
cess is to provide the user with the assurance of proper
operation. Often, confirmation of an algorithm involves
verification that the numerical method has been properly
coded and performs as expected and that the results are
intuitively reasonable. For this reason, several numerical



188 Ganapol et al.

1 ~ 0
d N\ /
0.8
\/ 102
® |
8 0.6 0.48
c at~? o}
g 3
8 < 3
% 0.4 0.6
@ 3
(0]
0.2 \’/\\o.a
1] SNSRI USRS S UM S—
0 500 1000 1500 2000 2500
Anm)
< 250
3 b
2 leaf thickness~0.023cm
% 2004
Q
&)
c
S 150~
S
@ E
L
< 21004
S
g
= 50
[
=
3
@ Ot T
0 500 1000 1500 2000 2500
Anm)

Figure 3. a) Leaf reflectance and transmittance versus
wavelength (mn) obtained from the PROSPECT model
for green sovbeans (after Jacquemoud and Baret, 1990).
b) Scattering (2,) and absorption (Z,) coefficient profiles
derived by LEAFMOD exact inversion on curves in a).

verification exercises for the LEAFMOD code are dis-
cussed in this section.

Inversion Stability

Reflectance and transmittance measurements for a green
soybean leaf (Fig. 3a), were simulated by the established
PROSPECT model. A leaf thickness of 0.023 cm was im-
plied from the specified (Jacquemoud and Baret, 1990)
equivalent water thickness (dy20) and by assuming the
leaf was 67% hydrated (hy) which is typical of dicot
leaves [(1[—(1”2()/(0.01}17,)]. These simulated measure-
ments were then introduced into the LEAFMOD exact
inversion with a non reentrant boundary condition [r,=0]
on the abaxial surface and a desired relative error of
0.001 for the exitances.

The resulting absorption and scattering profiles were
obtained in absolute units of (fractional probability of in-
teraction)/pathlength (cm™') as shown in Figure 3b. The
absorption spectrum in the visible wavebands has the ap-
propriate peaks and shoulders at the wavelengths corre-
sponding to the influence of chlorophyll a and b. The
absorption spectrum in the NIR is representative of wa-
ter where little absorption occurs in the range 800
nm<A<l1350 nm and major absorption peaks exist at
about 1450 nm and 1950 nm.

The variation of the scattering coefficient with wave-
length is also reasonable in that it generally follows the
variation of the average leaf refractive index with wave-
length (Allen et al., 1970) except at the chlorophyll and
water absorption peaks. The influence of these strong ab-
sorption peaks on the scattering coefficient is not entirely
unexpected because of the intimate coupling of the scat-
tering and absorbing effects in the transport equation.
The abrupt features in the scattering profile near the wa-
ter absorption peaks have previously been reported (Al-
len et al., 1970; 1969). While the concept of photon de-
flection resulting from changes in the index of refraction
has been used to justify the scattering source in the radi-
ative transfer equatlon, the scattering interaction coeffi-
cient in the transport formulation is distinct from the in-
dex of refraction. The scattering interaction coefficient
represents a volume averaged scattering effect while de-
flection through the refractive index represents a micro-
scopic effect. The volumetric scattering and absorption
coefficients are spatial averages of the refractive scatter-
ing occurring at cell walls and absorption within the cell
walls. In a transport formulation, these events occur in
the same differential volume and therefore cannot be
separated entirely. For this reason, the scattering interac-
tion coefficient cannot be strictly interpreted as directly
proportional to the index of refraction.

To provide a test of the numerical stability of the
approximate inversion, the S()\'bean dbsorption spectrum
2, shown in Figure 3b was arbltmnh multiplied by the
factors f=0.5, 1.1, and 2 to form the modified absorptlon
coefficient 2, =f%,. With the scattering coefficient spec-
trum of Figure 3b held fixed, the corresponding reflec-
tance and transmittance spectra were then determined
from the FN transport solution for these cases from
LEAFMOD run in the forward mode. Subsequently,
each reflectance spectrum was input into the approxi-
mate inversion algorithm as a simulation of a reflectance
measurement in Eq. (10a) along with the (unmodified)
soybean reference scattering profile, and the absorption
coefficient (now known to be a multiple of the original
spectrum) was obtained by inversion. A comparison of
the resulting absorption coefficient profiles and the mod-
ified absorption coefficient profiles then provides an as-
sessment of how faithful the inversion process is. When
the resulting absorption profiles were proportioned as
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Figure 4. As a measure of the stability of the approxi-
mate inversion, %, of Figure 3b was multiplied by the
indicated factors f, and the corresponding reflectance
and transmittance spectra were then obtained for each
case from LEAFMOD run in foward mode. The re-
flectance spectrum and (unmodified) scattering coeffi-
cient profile were input to the approximate inversion to
recover the modified absorption profile Z,”. Note the
near-perfect correspondence between factors f and %'/
3., indicating the stability of the approximate inversion
algorithm.

shown in Figure 4, almost perfect recovery of the multi-
plicative factors (f) was observed across the entire spec-
trum, indicating the stability and the robustness of the
approximate inversion.

Forward Peaked Scattering Equivalence

A test of the exact inversion procedure is provided by a
modification of the scattering kernel to include a purely
forward peaked component. If the deflection law is as-
sumed to be composed of an isotropic scattering compo-
nent and a component for photons that are not deflected
at all, the phase function becomes

f(#’,#)=£;—ﬂ+ﬁc5<# —u') (12)

with the normalization given by Eq. (5) satisfied. § repre-
sents the fractional probability of forward directed scat-
tering. When this phase function is introduced into Eq.
(4), we find, after some manipulation,

a 1 ! ___(i)i ! ’ r ’ r 4
[yﬁ—l—l}l (t/.u)= 2 J_]d/.t I'(t'u'), (13)

where in terms of the original scattering interaction coef-
ficient, the modified scattering interaction coefficients
become

X=(1-p%, (14a)
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3'=3-p3,=3,+3., (14b)
giving for the optical depth
7' =23'x. (14¢)
The single-scatter albedo then becomes
, (1-pPw
—_—— 1
w 1~wf (14d)

Since the inclusion of a purely straight-ahead component
in the phase function physically only effects the scatter-
ing properties of the medium, we expect the absorption
to be unaffected as is theoretically verified by Eq.

(14b), giving
2(1 32(,, (15C)

From Eq. (14a), the scattering, in this case, adjusts ac-
cording to

5=3/1-p). (16)

This is exactly what is observed when the PROSPECT
reflectance and transmittance data of Figure 3a are again
used to obtain the absorption profile for the soybean leaf
from the exact inversion for several values of §. The in-
dependence of the absorption profile from f was verified
to within the desired relative error for =0.5 and 0.9 as
required by theory. This provides further evidence of the
stability and proper coding and operation of the inversion
algorithms. In addition, this test indicates an insensitivity
of the absorption profile to the anisotropy of scattering.

EXPERIMENTAL CONFIRMATION

Sample Thickness and Moisture Status
A leaf stacking and drying experiment was performed on
the NASA/Ames NIRS6500 spectrophotometer equipped
with the Spinning Sample Module and Standard Cup. Bi-
directional reflectance measurements were made of stacks
of one to six fresh Prunus lyonii (Catalina cherry) leaf
punches (~3.5 cm diameter). The leaves were then
oven-dried (at 33°C), and reflectance measurements
were made intermittently during the next nine days. Re-
flectance measurments, shown in Figure 5, were taken
over the 400 nm<A<2500 nm range, with 10 nm band-
width and 2 nm sampling interval. Ilumination was nor-
mal to the sample and reflected energy was recorded by
detectors at a 43° view zenith angle. The sample was ro-
tated azimuthally during measurement. Absolute reflec-
tance was inferred by comparison to a ceramic standard
of known reflectance. Sixteen scans were acquired and
averaged per sample. In addition, reflectance of the
background surface was measured (<4%, 400-2500 nm)
and input into the model as r..

Since only the reflectance measurement was avail-
able, the approximate inversion (with X, from the fresh
soybean reference leaf of Fig. 3b) was used to determine
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Figure 5. Bidirectional reflectance measurements made by
NIRS6500 spectrophotometer on stacks of Prunus lyonii
leaves, ranging in thickness from one to six leaves. Drying
times in oven at 33°C are indicated. Note reflectance in-
crease with stack depth in regions of high scatter (~800~
1300 nm, ~1500-1800 nm).

absorption profiles under all moisture conditions and
sample thicknesses as shown in Figure 6. At each time
interval the thickness of the top leaf punch wuas mea-
sured at several locations and determined as the average
of the interveinal and midrib values. The total thickness
of each sample was estimated as the top punch thickness
multiplied by the number of punches in the stack. The
following remarks concerning the spectra of Figures 5
and 6 are relevant:

1. Compared to reflectance spectra in the 800-1300
nm and 1500-1800 nm regions, the absorption
profile amplitudes are relatively independent of
sample thickness. This finding provides evidence
that the model separates the effects of scattering
from absorption, at least to a first approximation.

2. A reduction of water absorption features (cen-
tered at ~1400 nm and ~1900 nm) with dryout
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Figure 6. Absorption profiles derived by LEAFMOD approxi-
mate inversion for the reflectances of Figure 3. As observed,
sample thickness has little effect on profile amplitude.

is clearly seen in the reflectance and absorption
spectra. Spectra at 3 days are representative of a
dried leaf.

3. At 1 day of drying and thereafter, there is an in-
crease in reflectance and reduction in the absorp-
tion in the visible region, possibly resulting from
thermally induced reorientation of absorbers and
changes in chemical composition and surface
roughness not modeled.

4. Spectral features are apparent in the 9-day absorp-
tion profiles shown in Figure 7. Various near-infra-
red absorption features attributable to the bio-
chemical constituents of lignin, cellulose, and
protein can be identified. While these features
can also be detected in the reflectance spectra,
here they appear isolated from the scattering ef-
fect and are given in terms of absolute pathlength
units.

From this exercise, we conclude overall that the
LEAFMOD approximate inversion generates intuitively
reasonable results for the estimation of the leafl absorption
coefficient with wavelength. From the numerical point of
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Figure 7. Rescaling of Figure 6e, with identification of ab-
sorption features possibly attributable to protein (P), lignin

(L), cellulose (C) and water (W). Attributions after Osborne
et al. (1993) and Williams and Norris (1987). Some associ-

ated organic bonds are also shown in parentheses.

view, the Newton-Raphson root solver always converged
to appropriate roots and never to a local minimum.

Response to Pigment Concentrations

The LEAFMOD exact inversion was performed on spec-
tral measurements from the Leaf Optical Properties Ex-
periment (LOPEX) archive (Hosgood et al., 1995) to ex-
amine the 2, response to pigment (total chlorophyll+caro-
tenoids) concentration. The inversion was applied to R,
and Ty (over 400-800 nm) of 280 fresh, single leaves: five
replicates from each of 56 samples (44 dicot, 12 monocot).
A total of 38 tree and crop species were represented; leaf
thickness ranged from 0.0086 ¢m to 0.0583 cm.

The mean absorption profile amplitude in the 450—
680 nm region was significantly (0.01 level) correlated
with pigment mass cm™ fresh leaf volume (r=0.75) and
also g7' fresh leaf weight (r=0.67), as determined by
conventional laboratory methods used for the LOPEX
data. A strong correlation was observed throughout the
spectral region in both cases, in the former case ranging
from a minimum of ~0.63 at 680 nm to >0.80 in the
525-560 nm region. As chlorophyll and carotenoids are
the major absorbers of visible region energy, this exercise
provides evidence of linkage between absorber concen-
tration and ¥, amplitude. Possibly due to the confound-
ing effect of scattering differences among these diverse
samples, no significant correlation was seen between R,
or T, and either expression of pigment concentration.
This observation provides evidence of the ability of LEAF-
MOD, by controlling for scatter, to enhance information
on absorbing properties of the leaf.
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CONCLUSIONS AND FUTURE EFFORT

A radiative transfer model, LEAFMOD, has been devel-
oped to simulate the photon scattering and absorbing
processes within a leaf. LEAFMOD is based on the solu-
tion (by the FN method) of the one-dimensional radia-
tive transfer equation. Through the FN method, the ra-
diative transfer equation is reformulated as two integral
equations for the surface radiances. The corresponding
solution is approximated by an expansion in a set of N
basis functions where the expansion coefficients are ob-
tained by collocation and subsequent matrix inversion. N
is increased until the desired convergence is achieved.
From this solution, the angular radiance distribution in
the leaf interior can also be obtained, which may prove
useful in future studies of the radiative transfer proper-
ties of the within-leaf microlight environment (Vogel-
mann, 1989). The absorption and scattering profiles are
obtained through model inversion. An exact procedure
uses the reflectance and transmittance measurements at
each wavelength to generate a consistent set of equations
for these profiles. For testing purposes, an approximate
inversion procedure has also been established based on
a reflectance measurement only.

Model verification showed that 1) the fresh-leaf ab-
sorption profile has features corresponding to water and
chlorophyll, while the scattering profile generally follows
variation of the leaf refractive index with wavelength, 2)
the inversion is stable, and 3) the absorption profile
seems to be unaffected by relaxation of the isotropic
scattering assumption in the phase function. Exercises
with empirical data showed that 1) LEAFMOD effec-
tively separates the effects of scattering and absorption,
2) near-infrared absorption features associated with leaf
constituents other than water are identifiable in the dry-
leaf absorption profile, and 3) the amplitude of the ab-
sorption coefficient profile in the visible region is sensi-
tive to the pigment concentration of fresh leaves.

We further intend to analyze the model sensitivity
to relaxation of various modeling assumptions, including
those of isotropic scattering and a homogeneous me-
dium. Here, the transport model has a distinctive advan-
tage over KM theory. A highly anisotropic scattering leaf
phase function can be considered if necessary, whereas,
at most, only linearly anisotropic scattering can be con-
sidered with KM theory. Another major focus will be on
simulation of the effects of leaf chemistry on leaf reflec-
tance, and evaluation of analytical techniques to estimate
component concentrations from leaf spectra. Longer term
issues concern the two- and three-dimensionality of leaves,
the stochastic nature of the distribution of absorbing and
scattering elements, and linkage of LEAFMOD to a can-
opy model through the leaf phase function.
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APPENDIX: A REVIEW OF THE FN METHOD

To begin the solution method, Eq. (6a) is rewritten
with g replaced by —u, multiplied by ¢~ and then inte-
grated over t on [0,A] and over 4 on [—1,1] to give
for Re(s)>0

[ du =it (Ala)
T p—s s
where
A®=1-"21 [5“} (ALb)
s—1
Clu,s)=1(0,—u)—I(A,—p)e™ ", (Alc)
and
A 1 ,
I“(.s):jo dr e_’”‘Jil(ly I(t,—u). (Ald)

To obtain a second equation, replace s by —s and g by
—¢ in Eq (Ala) and multiply by e ™ to give for
Re(s)>0

J! du D)=, (A2
- u—s s
where
D{us)=I(A 1) —1(0,u)e ™", (A2b)
]°(s)=jfdr e_“‘”"JAi‘d,u I(z,—u). (A2¢)

In addition, since A(vy) satisfies the dispersion relation
Avy)=0, (A3)
for s=v,, Egs. (Ala) and (A2a) also satisfy

J du;jj—culmﬂ =0,

(Ada)

(Adb)

J du D(p,0y)=0.

U1
From the Plemelj relations (Roos, 1969), these equations
can be manipulated to give

U),(D)C('D,U):@[’ du A'u—C(,u,v), (Aba)
2017 u—v

1;'/’.(1))C(1;‘,v)=@JI du —'L[—D(,u,u), (A5h)
211" u—v

P

where

Ho)=1-2%n [HLJ (A3¢)

2 1-v

When C and D are expressed in terms of the reflected
and transmitted intensities, we have

_4

bi (U)I(O 1,) CJL“ (lu I(O u) an/ ({u *j (A )
? 2 » ’.u
‘ lu v lu

@ty M [ I
3 b Bl { Moo} = J(,dﬂﬂ_vFﬂ(m],
(ABa)

wo ! , wo
,—v)—7ﬁldﬂﬁI(A,—m+f£e A‘J d,u_—I(O i)

vAle)I(A

dpu—"—

e JFalu) e -Al[ MO o)~ (],UFL(,U)}

(A6b)

where the boundary conditions on the adaxial (L) and
abaxial (R) surfaces are given by

Fi(u)=0(u—u,),

1
FR(,u)=2r\£.d,u’ WA u').

If the expressions of Eqs. (8) are introduced into Egs.
(A6) with N values of vy, f=0.1, ... N—1, the following
2N equations will result:

(A7a)

(A7b)

N—l|
S [a.Bus+bAge™ s]=Ri(A) (ASa)

a=()

N—1
S [auAupe2e5+b,B, 5| =RoylA), (A8b)

a=(

where Ry and Ry can be expressed in terms of the
boundary conditions. The vy’s are chosen to be the zeros
of the shifted Legendre polynomial of degree N—1 plus
the zero of the dispersion relation [Eqgs. (A5)]. A.p and
B, are the matrix elements and integrals over known in-
tegrands which are numerically evaluated by a shifted
Gauss/Legendre quadrature. Of note is the dependence
of Ry; and Ry on the boundary conditions, which may,
in turn, depend on the intensities being sought [see Eq
(6e), for instance]. An iterative process can then be used
to maintain the symmetry of Eqgs. (A8). The 2N equa-
tions given by Eqs. (A8) are then solved by matrix inver-
sion to give the coupling coefficients a, and b,. Finally,
an outer iteration is imposed on the order N to ensure
a desired accuracy.
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